Electronic structure of the kagome staircase compounds Ni3V208 and C03V2O8 
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The electronic structure of the kagome staircase compounds, Ni3V208 and C03V2O8, has been 
investigated using soft x-ray absorption, soft x-ray emission, and resonant inelastic x-ray scattering 
(RIXS). Comparison between the two compounds, and with first principles band structure calcula- 
tions and crystal-field multiplet models, provide unquie insight into the electronic structure of the 
two materials. Whereas the location of the narrow (Ni,Co) d bands is predicted to be close to Ef, 
we experimentally find they lie deeper in the occupied O 2p and unoccupied V 3d manifolds, and 
determine their energy via measured charge-transfer excitations. Additionally, we find evidence for 
a dd excitation at 1.5 eV in Ni3V208, suggesting the V d states may be weakly occupied in this 
compound, contrary to C03V2O8. Good agreement is found between the crystal-field dd excitations 
observed in the experiment and predicted by atomic multiplet theory. 



I. INTRODUCTION 

The coupling between spin, charge and lattice de- 
grees of freedom in metal oxides yields rich phase dia- 
grams of competing phases, and has long attracted sig- 
nificant attention. The kagome staircase family of vana- 
dium oxides, M3V2O8 {M = transition metal), support 
complex low-temperature magnetic phase diagrams in- 
cluding incommensurate spin structure, and multiferroic 
behavior. ^'^ While there have been numerous studies of 
the cascade of low-temperature magnetic phases in these 
oxides, there have been relatively few investigations of 
their fundamental electronic structure. Recently, de- 
tailed field- and temperature-dependent optical studies 
on NiaVaOg (NVO) and C03V2O8 (CVO) were combined 
with ab initio band structure calculations, and revealed 
the inadequacy of the local (spin) density approximation 
[L(S)DA] in describing the electronic structure of these 
materials.'^''' Moreover, inclusion of electron correlations, 
in the form of the LDA+U method, were not found to 
significantly improve agreement with experiment. 

We report here a comprehensive soft x-ray spectro- 
scopic study of the electronic structure of Ni3V20s and 
C03V2O8 where we directly measure both the occupied 
and excited states through absorption, emission and res- 
onant inelastic x-ray scattering measurements. Compar- 
isons are made with ab initio band theory and crystal- 
field multiplet calculations, as well as between the two 
compounds, to provide a detailed description of their 
electronic structure. 

Af3V208 (M = Co, Ni) crystallizes in the centered or- 
thorhombic space group Cmca, consisting of edge sharing 
M^+Og octahedra and tetrahedra (see Fig. 1)."'' 

Two inequivalent M sites exist within this structure, 
which are commonly referred to as cross-tie (Ml, two 
sites per unit cell) and spine (M2, four sites per unit 



cell) sites. Below « 10 K, a series of ordered mag- 
netic phases develop, which vary depending on the M 
ion. Generally, high-temperature incommensurate mag- 
netic structures eventually give way to a commensurate 
ground state. For NVO, the broken inversion symmetry 
of one of the incommensurate spin structures brings the 
coupling of the magnetism to ferroelectricity into play, 
yielding coupled multiferroic behavior.^ 

Soft x-ray absorption spectroscopy (XAS) and soft 
x-ray emission spectroscopy (XES) are element-specific 
probes of the electronic structure of complex materials. 
In the XAS process, an electron is excited from a core 
level to the unoccupied conduction band states, sub- 




FIG. 1: (Color online) Crystal structure of M3V2O8, con- 
sisting of MOe octahedra and VO4 tetraheda. The two in- 
equivalent M sites are displayed in light (Ml, cross-tie) and 
dark (M2, spine) blue. 
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ject to dipole selection rules {Al = ±1).^ In the case 
of XAS at the O K-edge, this involves transitions be- 
tween O Is to O 2p states. The hybridization between 
O 2p wavefunctions and neighboring transition metal d 
electrons makes O K-edge XAS ideal as a probe of the 
(hybridized) unoccupied d states in transition metal ox- 
ides, allowing direct comparison with the partial den- 
sity of states (PDOS) obtained from first-principles band 
theory.^ At the transition metal L-edge (M 2p — > 3d), 
the large overlap between the 2p core hole and 3d wave- 
functions mean that atomic multiplet effects dominate 
these spectra, overwhelming band effects. In normal flu- 
orescent XES, the system is initially excited in a pro- 
cess similar to the XAS process, but the measurement 
focuses on the fluorescent decay of the system (that fills 
the core hole).^ For example, at the O K-edge, one mea- 
sures 2p — > Is transitions, corresponding directly to the 
occupied O PDOS. However, when the initial excitation 
is tuned to an edge feature of the absorption spectrum, 
resonant effects become important, and the incident pho- 
ton transfers energy and momentum to the system. Such 
a measurement is referred to as resonant inelastic x- 
ray scattering (RIXS), and the emitted photon carries 
information about the low-energy excitations.^ As well 
as probing delocalized excitations (such as magnons or 
orbitons), RIXS can yield information on local crystal- 
field transitions {dd transitions) and charge-transfer (CT) 
transitions. 



II. METHODS 
A. Experimental 

High-quality single crystals of Ni3V208 and C03V2O8 
were grown using the floating zone method with an opti- 
cal image furnace.^ Samples were cleaved ex-situ, imme- 
diately before loading into the ultra-high vacuum cham- 
ber. Soft x-ray spectroscopy measurements were per- 
formed at room temperature (i.e. in the paramagnetic in- 
sulating phase) at Beamline 7.0.1 at the Advanced Light 
Source (ALS), Lawrence Berkeley National Laboratory 
and at Beamline XIB of the National Synchrotron Light 
Source, Brookhaven National Laboratory. XAS measure- 
ments were made in both total electron yield (TEY) and 
total fluorescent yield (TFY) modes. At the V L- and O 
K-edges, the energy resolution was set to 0.2 eV at full 
width at half maximum (FWHM) , and the photon energy 
was calibrated with reference to Ti02 Ti L- and O K- 
edge spectra. At the Co and Ni L-edges, the energy reso- 
lution was set to 0.2 eV and 0.3 eV respectively, and the 
photon energy was calibrated with CoO and NiO L-edge 
spectra. Of the two XAS modes, TEY is more surface 
sensitive, having a probing depth of ^ 10 nm compared 
with the ~ 100 nm probing depth of TFY. In all the 
measurements, good correspondence was found between 
TEY and TFY spectra, indicating our results are repre- 
sentative of the bulk electronic structure. XES spectra 



were recorded with a Nordgren-type spectrometer,^^ with 
energy resolution between 0.7 and I.O eV (depending on 
the emission feature under study), and the instrument 
was calibrated with reference to metallic Zn, Co and Ni 
i3,2-edge spectra. All emission measurements were per- 
formed with a 90° angle between incident and scattered 
photons, with the polarization vector parallel to the hor- 
izontal scattering plane, and with an angle of ~ 70° be- 
tween the incident photons and the surface normal of the 
sample (i.e. near-grazing geometry). 

B. Band structure calculations 

For comparison with our experimental results, ab ini- 
tio band structure calculations have been performed us- 
ing the all electron full-potential linearized augmented 
plane-wave (FLAPW) method, as implemented in the 
Elk code.^^ The deficiencies of the LSDA in describing 
the electronic structure of M3V2O8 have been well estab- 
lished through detailed FLAPW calculations; for exam- 
ple, CVO is predicted to be metallic.'^''' However, those 
authors also found that although the inclusion of static 
Coulomb correlations (in the form of the Hubbard U pa- 
rameter) produced an insulating ground state for CVO, 
the magnitude of the band gap was inconsistent with 
experiment for both NVO and CVO, and the predicted 
optical spectra were found to be in no better agreement 
with experiment. Here, we employ model calculations 
within the LSDA of both CVO and NVO, focusing on the 
bonding and hybridization characteristics, to study the 
trends between the two materials. The crystallographic 
parameters used in the calculations are those reported 
in the literature.^ Self-consistency in the calculation was 
achieved on 125 k-points in the irreducible (1/8*'') Bril- 
louin zone, with a cutoff for plane waves in the interstitial 
region of fcmax = 7.5/i?inin, where i?min is the O muffin- 
tin radius. Muffin-tin radii of 2.2 a.u., 1.55 a.u. and 
1.55 a.u. were used for M, V and O respectively. 



C. Crystal-field multiplet calculations 

RIXS at the transition-metal L-edge is domi- 
nated by local crystal-field transitions between id 
configurations.*'^^ In order to complement our RIXS 
measurements, crystal-field multiplet (CFM) calculations 
have been performed using the CTM4XAS and CTM4RIXS 
programs. '^'^ In contrast to other schemes, such as the 
single-impurity Anderson model (SIAM), the CFM ap- 
proach takes no direct account of the ligand. For this 
reason, the value of the crystal-field parameter, IQDq, 
used in CFM calculations represents the effective sep- 
aration between t2g and Cg states, which includes (ap- 
proximately and empirically) the effects of hybridization 
with the ligand. However, a direct comparison between 
SIAM and CFM calculations at the Mn L-edge of MnO 
has demonstrated the good correspondence between both 
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theories, with a renormahzation of the CFM lODq value 
by a factor of two compared with the SIAM value. More 
obviously, a second consequence of omitting the effects of 
the ligand is that charge transfer excitations cannot be 
accounted for in the CFM model. 



D. Data analysis 

The maximum entropy (MaxEnt) approach has re- 
cently been shown to be a valuable tool in deconvolut- 
ing x-ray emission spectra,^'' and is employed here in 
the Co and Ni L-edge RIXS presented in Sections HID 
and III E. However, owing to the favorable propagation 
of noise through the MaxEnt procedure, the MaxEnt 
process can also be used as an efficient noise filter. First, 
the raw spectrum is deconvoluted as usual, using the ap- 
propriate resolution function. Second, the deconvoluted 
spectrum is convolved with the same resolution function. 
The result of this process is a spectrum with the same 
resolution as the original measurement, but with an im- 
proved signal-to-noise ratio. This approach is used in the 
V i-edge RIXS measurements of Section IIIC, owing to 
the weak scattering intensity of these dP compounds at 
this edge. 

In the RIXS measurements, the scattered photons 
are measured using a two-dimensional (2D) detector, in 
which each horizontal slice on the detector represents 
an equivalent intensity-energy spectrum. Owing to the 
curvature of the 2D detector inherent in the measure- 
ment, the energy scales are slightly different, and higher 
fidelity spectra can be obtained by sampling the data at 
sub-pixel channel widths. This approach, made possible 
by the curvature, has been employed in all of the RIXS 
measurements that follow. 



III. RESULTS 

A. Band structure calculations 

Since both NVO and CVO are local moment insulators, 
we compare our experimental results with ferromagnetic 
electronic structure calculations, since such calculations 
correctly predict the occupation of the (Ni and Co) 3d 
states, and the insulating nature of NVO. This is in con- 
trast to paramagnetic (degenerate spin) calculations. In 
fact, through comparison with the corresponding param- 
agnetic solutions, we find that the V and O states (in- 
cluding their energies and hybridization) are relatively 
insensitive to the magnetism for our purposes. The net 
effect of different magnetic orderings, such as ferrimag- 
netic, have been shown to have only weak effects on the 
overall density of states. As expected, our ferromag- 
netic calculations yield magnetic moments of ~ 2 /iB per 
Ni and ^ 3 /iB per Co, corresponding to the high-spin 3c? 
occupations of e^-i- a-nd e^^ respectively, and are 
in good agreement with the LSDA calculations of Rai et 
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FIG. 2: (Color online) Partial densities of states of ferro- 
magnetic NVO and CVO from FLAPW calculations. 



al.^''^ The calculated densities of states of the two com- 
pounds are shown in Fig. 2. For NVO, a small band 
gap between Cg^ and Cgi indicates the insulating ground 
state, whereas Ep is incorrectly placed in the middle of 
the Cgi manifold for CVO. With the inclusion of static 
electron correlations, in the form of the LSDA-I-U method 
(not investigated here), the occupied (Ni,Co) bands were 
found to be forced into the O 2p manifold, whereas the 
empty (Ni,Co) states were pushed upwards into the V 3d 
states.'^''* Whilst this correctly reproduces the insulating 
character of the ground state, it was pointed out by those 
authors that the magnitude of the band gap was substan- 
tially overestimated for reasonable values of U, and that 
the agreement with optical spectra was worse. 



B. O A'-edge XAS/XES 

In Fig. 3, we compare our experimental XES and XAS 
results with the calculated band structure. As previously 
discussed, XES and XAS at the O K-edge reflect the oc- 
cupied and unoccupied O 2p PDOS, respectively. Note 
that the XAS spectrum has been shifted to higher ener- 
gies by 1 eV to (approximately) account for the effects 
of the core hole.^^ After this correction, the spectra are 
consistent with a small gap between hybridized states of 
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FIG. 3: (Color online) O 7^-edge XES and XAS measure- 
ments of CVO and NVO compared with the spin-averaged O 
PDOS from the FLAPW calculations. The TFY-XAS spec- 
tra have been shifted to higher energies by 1 eV to account 
for the effect of the core-hole. The PDOS has been broadened 
by 0.6 eV (occupied) and 0.4 eV (unoccupied) for comparison 
with the data, and is shown rigidly shifted to match with the 
O A"-edge XES spectra. The dashed lines represent the PDOS 
after artificially shifting the d states away from (see text). 



0.5 - 1.0 eV in both compounds, which is in rough agree- 
ment with the optical gap of ~ 0.4 eV."^'^ Note that pure 
d states that do not hybridize with O will not be visible 
in these spectra. In general, the two compounds show 
remarkable similarity in their experimental spectral fea- 
tures, although CVO is found to have a slightly broader 
O 2p bandwidth, with a tail that extends closer to E-p. 
Overall, reasonably good agreement is observed between 
experiment and theory in the O 2p (—7 to —2 eV) and 
V Zd (2 to 4 eV) manifolds. In the O 2p manifold, two 
features are well resolved in the XES experiment: the 
lower peak at 524 eV originates from the oxygen-metal 
bonding states, whereas the second peak at 526 eV is due 
to more pure O states as well as some mixing of the O 
bands with the occupied (Ni,Co) t2g states. In the XAS, 
two more features are visible at 530.5 eV and 532 eV, and 
match up well with the theoretical (tetrahedral crystal- 
field split) V eg and <2g states respectively. Experimen- 
tally, the splitting between these states is found to be 
slightly larger for NVO than CVO. Finally, at higher en- 
ergies, mixing between the metal Asp and oxygen elec- 
trons yield the broad band between 536 and 545 eV. How- 
ever, the (Ni,Co) states near E-p (predicted by theory at 
near —1 and -1-1 eV) are not observed as distinct features 
in the experiment. These results indicate that the occu- 
pied (Ni,Co) states overlap in energy more with the O 2p 
bands, and may account for the higher intensity of the 
526 eV XES feature in NVO compared with CVO. Cor- 
respondingly, the higher intensity of the 530.5 eV XAS 
feature in CVO, relative to NVO, may indicate the higher 



number of available unoccupied Co states compared with 
Ni. Somewhat surprisingly, this picture bears more sim- 
ilarity with that of the LDA+U results,'^'"' in which the 
(Ni,Co) states were found to be repelled far from Ep into 
the O 2p and V id states. However, within the LDA+U, 
the electronic structure of NVO and CVO are quite dis- 
similar, incompatible with our spectra. In order to test 
what kind of correction to the theoretical band structure 
would be required to reproduce the experiment, we have 
shifted the (Ni,Co) d bands away from Ep, mimicking 
the qualitative trend of the LDA-I-U, but of much less 
magnitude. In this model, occupied Co and Ni d states 
were rigidly shifted by —0.4 eV and —0.9 eV respectively 
for CVO and NVO and unoccupied states were shifted 
by -1-0.5 and -1-0.7 eV, chosen to improve the agreement 
with experiment. After this shift, the center of mass of 
the d states in NVO and CVO end up being quite similar 
at -1.9 eV (+1.4 eV) and -1.7 eV (+1.4 eV) for occu- 
pied (unoccupied) states respectively. This artificial shift 
of the bands clearly takes no account of the evolution in 
hybridization or d bandwidth that would accompany such 
a shift in energy. Nevertheless, the results, shown by the 
dashed lines in Fig. 3, are able to account for the differ- 
ences in relative intensity of the two XES and two XAS 
features, as well as the increased bandwidth of CVO, and 
may hint towards the ultimate fate of the (Ni,Co) states. 

This situation is reminiscent of that in NiO, in which 
the early LDA calculations yielded bands with strong Ni 
3c? character near E'p, resulting in NiO that was either 
metallic, or had a very narrow insulating gap,^* de- 
pending on whether spin polarization was included or 
not. Subsequent LDA+U calculations improved the mag- 
nitude of the insulating gap by pushing the occupied Ni d 
states deep into the O bands. However, it was not until 
dynamic correlations were included in the form of dynam- 
ical mean-field theory (DMFT),^° that good agreement 
with several spectroscopic methods was simultaneously 
obtained from an ab initio approach. In DMFT, the 
Ni d states of NiO are located at an energy intermediate 
between the LDA and LDA+U. 



C. V La-edge RIXS 

Figure 4 presents RIXS [Figs. 4(a,b)] XAS [Fig. 4(c)] 
and XES [Fig. 4(d)] spectra recorded near the V L edge. 
V i3_2-edge XAS spectra are shown in Fig. 4(c) for NVO 
and CVO. Below ^ 521 eV, the double-peaked feature 
represents absorption from the V 2^3/2 core level into 
unoccupied Cg and t2g states respectively. At higher 
energies, similar, although broader, features represent 
absorption from the 2pi/2 level. These spectra are 
very similar for the two compounds, and are in good 
agreement with CFM calculations of tetrahedrally co- 
ordinated V^"*". 

V La-edge RIXS spectra of NVO and CVO are shown 
in Figs. 4(a) and 4(b) respectively, and were recorded 
with the photon and spectrometer resolution both set to 
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FIG. 4: (Color online) (a) and (b); V Ls-edge RIXS of NVO and CVO, vertically offset for clarity. The light gray traces denote 
the raw spectra, and the dark solid lines are the noise filtered spectra. The lowest spectra correspond to the lowest excitation 
energy. Roman numerals indicate the approximate center of the most visible excitations, (c) XAS spectra of both compounds, 
recorded in TEY mode. The open circles denote the energies used in the RIXS measurements of (a) and (b). (d) XES spectra 
of CVO and NVO at the V L2- and La-edges. The vertical bars indicate the excitation energies of the individual measurements. 



0.69 eV. Since both compounds are nominally dP V^"*" 
compounds, XES and RIXS are weak at this edge, and 
the recorded spectra suffer from an appreciable noise ra- 
tio. In order to enhance the signal-to-noise ratio, we 
employ the maximum entropy method as a noise filter, 
as discussed above. Five spectra were recorded across 
the V Ls-edge of both NVO and CVO at incident en- 
ergies shown in Fig. 4(c); both the raw spectra and 
noise filtered spectra are presented in Fig. 4. The V La- 
edge RIXS spectra have very similar shapes for the two 
compounds, reflecting the similarity of the V environ- 
ment of NVO and CVO, and are dominated by charge- 
transfer (CT) excitations between O 2p and V 3d sites: 

V Sd" O 2/ ^ V 3d"+i O 2p^. For the first three 
excitation energies shown in Fig. 4, the features are con- 
stant on the energy transfer axis, indicating their origin 
as loss (CT) features. The association of these loss fea- 
tures with CT excitations is consistent with similar ob- 
servations in other vanadium oxides. ^■^ These spectra cor- 
respond to excitations into the unoccupied V Cg states, 
and the dominant feature (III) at 6.7 eV for NVO (6.6 eV 
for CVO) can be associated with the separation between 
the center of mass of the O 2p states and the unoccupied 

V Cg band. At higher excitation energies, correspond- 
ing to excitations into the unoccupied V t2g states, the 
spectra shift to deeper energies, centered at 8.7 eV (IV) 
for NVO (8.4 eV for CVO). The energy separation (of 
approximately 2 eV) between these two different CT ex- 



citations is consistent with the separation between V eg 
and t2g features in the XAS (Fig. 3), in particular the 
slightly smaller splitting of these features for CVO com- 
pared with NVO. 

In order to establish the origin of the V La-edge spec- 
tral features, it is useful to compare them with L2-edge 
measurements. These spectra are shown in Fig. 4(d) for 
both CVO and NVO on an emission energy scale, along- 
side the resonant La-edge spectra [the topmost spectra 
of Figs. 4(a,b)] for comparison. At the L2-edge, emission 
in the energy range 507 - 512 eV represents fluorescent 
emission from V-0 hybridized states into the V 2^3/2 core 
level, rather than CT or dd excitations that are present in 
the La-edge spectra at this energy range. For CVO, there 
is a clear difference in the shape and center of mass of this 
feature between the L2 and La-edge spectra, supporting 
our interpretation that the La-edge RIXS features (in 
particular, features III and IV) are associated with CT 
inelastic scattering processes. The same is also true of 
NVO, albeit less obviously owing to the precise choice of 
excitation energy in the NVO La-edge RIXS spectrum. 
We also note that the NVO fluorescent feature is slightly 
broader than that of CVO, indicating the bandwidth of 
the V-0 hybridized states of NVO is broader than that 
of CVO. 

Returning to the V La-edge RIXS, in both compounds 
an additional low-energy shoulder (II) is present at lower 
excitation energies, at 4.3 eV for NVO and 3.6 eV for 
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FIG. 5: (Color online) Co L^-edge RIXS measurements of CVO: a) raw spectra on an emission energy scale, and (b) MaxEnt 
deconvoluted spectra, shown on an energy transfer scale, (c) Co i-edge XAS spectra of CVO, in which the open circles denote 
the RIXS excitation energies, (d) Summed RIXS spectra (A-F), before and after the MaxEnt deconvolution. 



CVO. Optical measurements have found low-energy CT 
excitations at 3.0 eV and 4.4 eV for NVO, interpreted 
as excitations into a mix of unoccupied Ni/V states and 
into pure V states respectively.^ For CVO, these optical 
excitations are found to be shifted to slightly lower ener- 
gies, at 2.7 eV and 4.2 eV.^ Unlike optical measurements, 
however, RIXS is a site- and orbital-selective probe of 
the local transitions, and the absence of the '-^ 3 eV fea- 
ture in our data unambiguously indicates its origin is not 
primarily unoccupied V states. We note, however, that 
this energy approximately coincides with the onset of the 
broad CT feature, and its origin may be weak mixing of 
V states with (Co,Ni) states, as suggested by Rai et aL'^'"* 
The ~ 4 eV feature (II) in our data, however, is in good 
agreement with the optical data. Here, we find it is most 
intense for low excitation energies, suggesting it repre- 
sents an excitation into the empty V Cg band. 

Finally, we note that a small peak (I) is apparent in all 
the NVO spectra [Fig. 4(a)] at an energy of 1.5 eV. This 
feature is also present in the V L2-edge XES spectrum of 
NVO, visible as a weak peak approximately 1.5 eV off- 
set from the incident photon energy. The energy of this 
feature is too low to be a CT transition, and we instead 
interpret it as a weak dd transition between partially oc- 
cupied and unoccupied V Cg states. The absence of any 
such peak in the CVO spectra suggests that the V ion 
in CVO is more strictly whereas the extra electron in 
NVO at least weakly occupies the V 3d states. 

In summary, our V La ^-edge RIXS measurements 
identify three CT transitions present in CVO and NVO. 



Transitions II and III are CT excitations into empty V 
eg states, whereas IV involves empty V t2g states. Tran- 
sitions III and IV occur at similar energies, of ^ 6.6 eV 
and ^8.5 eV respectively, for both CVO and NVO. Tran- 
sition II, on the other hand, is at 3.6 eV for CVO and 
4.3 eV for NVO, and may involve V eg states that are 
mixed with unoccupied (Co,Ni) 3d states, in rough agree- 
ment with the optical measurements.'^'^ In addition to 
these CT transitions, a dd excitation is also observed for 
NVO at 1.5 eV for all incident energies across both L3 
and L2 edges, and is interpreted as being from occupied 
to unoccupied eg states. The absence of this excitation 
for CVO suggests the V 3c? states are negligibly occupied 
in CVO. 



D. Co Ls-edge RIXS 

RIXS measurements at the Co Ls-edge of CVO are 
shown in Figs. 5(a,b), at the excitation energies shown in 
the XAS spectrum of Fig. 5(c). Six spectra were recorded 
in the second order of diffraction with a photon and spec- 
trometer resolution of 0.4 eV and 0.82 eV respectively, 
and are presented in Fig. 5(a). Owing to the higher count 
rate of the RIXS processes at the Co L-edge compared 
with the V L-edge in CVO, the MaxEnt procedure is 
used as a deconvolution tool (rather than as a noise fil- 
ter). The spectra were deconvoluted using a broadening 
function of 0.82 eV FWHM, equivalent to the spectrom- 
eter resolution function, and are shown in Fig. 5(b). The 
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FIG. 6: (Color online) CFM calculations of the Co^+ (f 
ion. (a) Tanabe-Sugano-like diagram of Co^^ in Oh symme- 
try with a 65% reduction of the Slater integrals. The relative 
intensity of the features in Ls-edge RIXS measurements, pre- 
dicted by the CFM model, is depicted by the size and shade 
of the points. Horizontal dashed lines indicate the experimen- 
tal features identified in Fig. 5(b). (b) Comparison of CFM 
calculations {lODq = 1.0 eV) with the experimental data of 
spectra C and F. The discrete transitions are shown by the 
sticks, whereas the dashed line has been convoluted with the 
experimental resolution function. 



errorbars in Fig. 5(b) are obtained through the empiri- 
cal relation, ai ~ ]\[^^/^-^'^^ (where Ni is the intensity of 
the datum i of the deconvoluted spectrum), determined 
from a detailed investigation into the propagation of noise 
through the MaxEnt procedure. 

Aside from the rather intense elastic peak at eV, the 
spectra are dominated by scattering at energy transfer of 
less than 5 eV, which can be attributed to dd excitations 
of the Co d electrons. Above 5 eV, a weak band is present, 
centered at 6.5 eV, which is due to Co-ligand CT transi- 
tions. Three dd features are clearly identifiable, even in 
the raw spectra [Fig. 5(a)], at (i) 0.9 eV, (ii) 2.1 eV and 
(iii) 3.4 eV. In the deconvoluted spectra [Figs. 5(b,d)], 
these features become well separated and are easily vis- 
ible. A fourth feature at ~ 4.6 eV (iv) may be present 



for some of the higher excitation energies (e.g. spectra F- 
G) . These spectra are reminiscent of RIXS measurements 
of other octahedrally-coordinated Co^'^ compounds. For 
example, in high-resolution Co L- and AZ-edge measure- 
ments of CoO, Chiuzbaian et al. found a total of five 
transitions at 0.9, 1.9, 2.3, 3.0 and 3.5 eV, although the 
1.9 and 2.3 eV features were not resolvable from one an- 
other in their L-edge data.^^^ 

In order to understand the Co L3 RIXS spectra more 
thoroughly, CFM calculations have been performed for 
the Co^^ ion, paying particular attention to the inten- 
sity dependence of the transitions with excitation en- 
ergy. The dependence of the crystal-field excitations in 
Oh symmetry as a function of the crystal-field splitting, 
lODq is shown in Fig. 6(a) for a reduction of the Slater in- 
tegrals to 65% of the Hartree-Fock (HF) values. In many 
3d systems, a reduction of the Slater integrals to 80% of 
the HF values is required to accurately describe multi- 
plet effects in XAS and RIXS.^"* Here, we find that this 
more modest reduction of the Slater parameters leads to 
dd transition energies that are ^ 10% too large. Neither 
adjusting IQDq or lowering the symmetry to 04^^ were 
able to significantly improve the agreement. Although 
larger reductions (to 75%) have been obtained through 
careful fitting of RIXS data to CFM results,^''' we do not 
consider the current reduction as representative of this 
system. Rather, it is more likely that it serves to ade- 
quately counteract other more severe limitations of our 
model calculations. In particular, calculations in the cor- 
rect (lower) symmetry may more accurately reflect the 
data. However, without the rich spectral structure af- 
forded by high-resolution measurements, it is difficult to 
optimize the fine splittings that are present at lower sym- 
metry; we therefore restrict our analysis to Oh symme- 
try here, which at least captures the qualitative behavior 
well. 

The energies and relative intensities in Co L-^-edge 
RIXS of the respective dd transitions are shown in 
Fig. 6(a); the intensities are shown as the average inten- 
sity across the Co La-edge. Spin-orbit coupling, known to 
be important in the CoO multiplet structure, is included, 
and splits the ''Ti ground state into four sub-states: the 
symmetry labels refer to the symmetry of the states with- 
out spin-orbit coupling. For IQDq « 1.0 eV, the calcu- 
lated dd transitions approximately intersect our exper- 
imental features. Moreover, these transitions have the 
correct intensity dependence with the excitation energy. 
For example, the state is the only transition predicted 
by the CFM calculation to weakly resonate at the onset 
of the XAS spectrum A. At energy C, the '^Ti configu- 
ration contributes to the spectrum, providing intensity 
near 2 eV in our measurements. Explicit comparison be- 
tween our data and the CFM model is shown in Fig. 6(b) 
at two representative excitation energies, demonstrating 
the good agreement. In these calculations, the sub-states 
of ^Ti are populated by a thermal (Boltzmann) distribu- 
tion at room temperature. 

With the aid of the CFM model, we assign (i) to ex- 
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Emission energy (eV) Energy transfer (eV) Energy transfer (eV) 

FIG. 7: (Color online) Ni La-edge RIXS measurements of NVO: raw spectra shown on (a) an emission energy and (b) a loss 
energy scale, (c) Ni L-edge XAS spectra showing the excitation energies chosen for the RIXS measurements as open circles, (d) 
Summed RIXS spectra A-E, and the results of fitting the summed spectra to a linear combination of four Gaussian functions. 



citations to the state, (ii) to a combination of "^Ti 
and '^A2 (with some weak intensity from the ^Ti and 
^r2), (iii) to the spin-orbit split ^Ai configuration, and 
(iv) to the weak transition. Our assignment (which 
improves on an earlier preUminary one^'"') is similar to 
that of CoO,^^ emphasizing the local nature of the RIXS 
processes at the Co L-edge in CVO. 



E. Ni La-edge RIXS 

RIXS measurements across the Ni La-edge of NVO arc 
shown in Figs. 7(a,b) at the excitation energies shown in 
the absorption spectrum of Fig. 7(c). Although Ni 2 
XAS has been recorded, it is presented here only as a 
guide to the RIXS measurements, owing to the presence 
of elemental Ni in the upstream x-ray optics of ALS BL7. 
Absorption of the incident x-rays at the Ni L-edge means 
knowledge of the incident photon flux at the sample is not 
reliable. The precise shape of the spectrum is therefore 
difficult to quantify, and no attempt is made here to in- 
terpret these results, other than to emphasize they agree 
with a +2 charge state for Ni in NVO. We note, how- 
ever, that although XAS measurements at the Ni L-edge 
are somewhat hampered, the effect on RIXS is only to 
renormalize the incident photon flux, and there will be 
no effect on the shape of the individual RIXS spectra. 

Seven RIXS spectra were recorded in the second or- 
der of diffraction [shown in Figs. 7(a,b)] at photon and 
spectrometer resolutions of 0.50 and 0.97 eV respectively 



for spectra A-E, and at 0.8 and 1.7 eV for spectra F-G. 
Unlike CVO, elastically scattered light is substantially 
suppressed for NVO in this scattering geometry, and is 
barely visible in the raw data, only becoming resolvable 
after deconvolution (not presented here). This strong 
suppression of the elastic peak is in agreement with L- 
edge RIXS measurements of NiO,^*' in which the Ni^"*" ion 
is also octahedrally co-ordinated. Indeed, the structure 
of our measurements are reminiscent of both these L- 
edge measurements,^^ as well as M-edge measurements 
of NiO.^^ The most prominent feature of the data is the 
strong dispersing peak in Fig. 7(a), which is found to 
be centered at an energy of 1.44 eV on the loss energy 
scale of Fig. 7(b). In Fig. 7(d), the sum of spectra A-E 
(which are unambiguously dominated by RIXS processes) 
is shown, alongside a fit to a linear combination of Gaus- 
sian functions (a total of four Gaussians were found to 
be required to adequately describe the data). This anal- 
ysis clearly reveals the presence of the weak elastic peak, 
as well as the weak shoulder on the low-energy side of 
the main peak at 3.10 eV, which becomes strong when 
the excitation energy is tuned to the main satellite in 
the absorption spectrum (energy F). In addition, a broad 
band of excitations is observed centered at 6.6 eV, rep- 
resenting Ni-ligand charge-transfer transitions. This fit 
also provides information on the widths of the RIXS fea- 
tures. While the fitted elastic peak has a width (0.85 eV 
FWHM) comparable with that expected from the exper- 
imental setup (~ 1.1 eV), the widths of the two low- 
energy transitions are much broader (~ 2 eV). Indeed, 
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FIG. 8: (Color online) CFM calculations of the Ni^+ ion. 
(a) Tanabe-Sugano-like diagram of Ni^^ in Oh symmetry. 
The relative intensity of the features in Ls-edge RIXS mea- 
surements, predicted by the CFM model, is depicted by the 
size and shade of the points. Horizontal dashed lines indicate 
the experimental features identified in Fig. 7(d). (b) Com- 
parison of CFM calculations (lODq — 1.0 eV) with the ex- 
perimental data of spectrum F and the sum of spectra A-E. 
The discrete transitions are shown by the sticks, whereas the 
dashed line has been convoluted with the experimental reso- 
lution function. 



the widths of the RIXS features in NVO are visibly larger 
than in CVO, despite the similar total experimental res- 
olution in both measurements (^ 0.9 eV for CVO), an 
effect we return to in more detail below. Although the 
MaxEnt deconvolution was attempted on these data, the 
large intensity difference between spectral features was 
found to limit the power of the deconvolution, with the 
result that the deconvoluted spectra were only found to 
sharpen, without separating individual features. 

In order to understand the Ni RIXS spectra more 
thoroughly, CFM calculations have been performed in 
Ofi symmetry, with a reduction of the Slater integrals to 
80% of their atomic values. Owing to the resolution of 
these measurements, the optimization of the crystal-field 
parameters has not been attempted. In particular, the 



distortion of the local environment of the Ni ion lowers 
the symmetry, and therefore breaks the degeneracy of 
(and splits) the transitions. In practice, however, such 
a distortion has a weaker impact on the transition spec- 
trum, compared with the resolution of the current mea- 
surements. In Fig. 8(a), the dependence of the CFM 
calculation on the crystal-field parameter, lODq, is pre- 
sented as a Tanabe-Sugano-like diagram. The relative 
intensity of the features predicted by the CFM model 
has been averaged from just above the L3 threshold en- 
ergy (approximately between points D and E) to point 
G in Fig. 7(c), owing to the overestimation of the inten- 
sity of the elastic feature for lower excitation energies in 
the CFM calculation. We note that SIAM calculations, 
explicitly including the effects of the ligand, account well 
for the weak elastic feature across the entire L3 edge of 
NiO.'^^ For lODq w 1.0 eV, a group of transitions inter- 
sect our two experimental features. In Fig. 8(b), the ex- 
perimental spectra are compared directly with the CFM 
calculation, after broadening with the experimental res- 
olution function. Within the resolution of the measure- 
ment, reasonable agreement is observed; in particular, 
this comparison demonstrates that our 1.44 eV feature 
is composed of several unresolved transitions. Indeed, 
it is possible to see some asymmetry of this feature in 
the raw spectra. For example, spectrum E has a rather 
prominent shoulder centered at ^ 0.9 eV. 

Overall, with the aid of the CFM model, we associate 
the 1.44 eV feature with a combination of '^T2 and ^Ti 
transitions (the transition is substantially weaker for 
most excitation energies). Similarly, the 3.10 eV feature 
is dominated by '^Ti and ^Ti transitions (with some weak 
intensity from transitions of and ^Ai symmetry). Fi- 
nally, we note that some evidence of the higher energy 
^T2, excitations may be visible in spectrum E at an 
energy transfer of ~ 4.1 eV. 



IV. DISCUSSION 

Summarizing the experimental results, we find that 
the electronic structure of M3V2O8 (M = Ni, Co) dif- 
fers from the predictions of the LSDA primarily in the 
location of the (Ni,Co) 3d states, which are placed too 
close to Ep. Rigidly moving apart the occupied and un- 
occupied d bands by 1 - 2 eV captures some of the fea- 
tures of the data, and indicates the energetic location 
of the center of mass of these states: occupied states at 
^ —1.8 eV are located near the high-energy feature of 
the XES spectrum, and unoccupied states at ~ -1-1.4 eV 
are close to the V Cg states of the XAS. This trend (to 
push apart the occupied and unoccupied d bands) is sim- 
ilar to the results of the LSDA+U method, although the 
magnitudes of the shifts employed here are much smaller. 
Indeed, previously published LSDA-I-U results yield quite 
different electronic structures for NVO and CVO, which 
is not experimentally observed. Presumably, more so- 
phisticated calculations, such as DMFT, may be capable 
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of more faithfully reproducing the experimental spectra, 
and in particular the (Ni,Co) d electron energies. The V 
and O states, on the other hand, are relatively insensi- 
tive to the choice of M and agree reasonably well with 
experiment. However, there is some evidence of a V 
transition at 1.5 eV in NVO, which is not observed in 
CVO, and which may indicate some weak occupation of 
the V 3d states in NVO. 

Additional circumstantial evidence for this picture 
comes from the (Ni,Co) L3 RIXS measurements. Charge 
transfer excitations between occupied O 2p states and un- 
occupied (Ni,Co) d states are observed centered at 6.6 eV 
and 6.5 eV for NVO and CVO, respectively. These are 
very similar in magnitude to the V eg CT excitations 
identified in V L3 RIXS (6.6 eV and 6.7 eV), suggest- 
ing the unoccupied (Ni,Co) d states and V eg states he 
close in energy, as indicated by their centers of mass. In 
both cases, it is the bonding O 2p peak (lower peak in 
the XES spectrum) that is '-^ 6.5 eV below. Additionally, 
we note that V t2g CT excitations are observed ~ 2 eV 
above the eg CT excitations (and in agreement with the 
XAS data), supporting our assignment. Finally, a third 
CT excitation is evident in the V L3 RIXS at 4.3 eV 
(3.6 eV), and is interpreted as from the weakly-bonded 
O 2p states into empty V eg states, in agreement with 
optical measurements of CT features. '^'^ 

At the (Ni,Co) L-edges, RIXS measurements reveal dd 
transitions in good agreement with crystal-field multiplet 
calculations with a crystal-field splitting of lODq « 1 eV, 
and are strongly reminiscent of the corresponding bi- 
nary oxides, NiO and CoO. The experimental features 
in NVO are associated with crystal-field transitions to 
the ^Ta/^Ti (1.44 eV), ^Ti/^Ti (3.1 eV) and ^T2/^E 
(4.1 eV) symmetry states respectively. For CVO, the ex- 
perimental dd transitions are assigned to the (0.9 eV), 
^Ti/^Az (2.1 eV), ^Ai (3.4 eV) and (4.6 eV) excited 
states. 

As mentioned above, there are two distinct (Ni,Co) 
sites within the unit cell, referred to as cross-tie 
(Nil, Col) and spine (Ni2,Co2). It has been suggested 
from optical measurements that the crystal-field environ- 
ment may be quite different between the two sites, even 
in the paramagnetic phase at room temperature, leading 
to optical dd transitions separated by 0.6 eV (0.75 and 
1.35 eV) and 0.9 eV (0.7 and 1.6 eV) for NVO and CVO 
respectively, with the separation being more severe for 
the Co compound. In our band structure calculations, 
we do not find strong differences in the crystal-field split- 
ting between spine and cross-tie sites. Indeed, the center 
of mass of the t2g and eg states at the two different sites 
agree to within 0.04 eV for both compounds (i.e. more 
than an order of magnitude smaller than suggested by op- 
tical measurements). Although the accuracy of the LSDA 
must be questioned for these compounds, this optical 
splitting is also not observed in our experimental RIXS 
spectra, which are found to agree very well with atomic 
multiplet theory of a single value of the crystal-field 
splitting. Whilst we cannot exclude such splittings of 



< 0.2 eV, splittings > 0.5 eV ought to be directly visible 
in our spectra. For both compounds, the lowest optical 
transitions (^ 0.7 eV) are close to those identified above 
via RIXS. However, for CVO the second optical feature 
(at 1.6 eV) lies in a dip in our RIXS spectra. RIXS is a di- 
rect probe of on-site electronic transitions, whereas their 
detection in optical measurements relies on hybridiza- 
tion with neighboring ligands. The absence of the op- 
tical features in RIXS measurements may indicate that 
their origin is more complex, possibly involving dimer ex- 
citations. Dimer excitations, involving two neighboring 
Co sites and of the form {d^; d*"} — ?> {d®; d^}, are al- 
lowed in optical measurements, but are usually expected 
to be weaker than single-site excitations in RIXS. Their 
energy can be approximately estimated through the re- 
lation, Ucff — J which, for reasonable values of Ucs and 
J, would make them relevant at 1 - 2 eV, approximately 
the right energy regime. 



V. CONCLUSION 

In summary, we have measured the electronic structure 
of the local moment insulators M3V2 0g (M= Ni, Co) us- 
ing soft x-ray absorption, emission and resonant inelastic 
scattering. Whereas the V and O states are in reasonable 
agreement with ab initio FLAPW band structure calcu- 
lations, the LSDA fails to account well for the Ni and Co 
sites. The location of the narrow Ni and Co 3d bands is 
predicted to lie close to (and, in the case of Co, cross) Ep, 
which is not experimentally observed. On the other hand, 
features in the O K-edge XES and XAS indicate the en- 
ergetic location of these bands, which appear deeper into 
the occupied O 2p and unoccupied V 3d manifolds than 
theoretically expected. By shifting apart the occupied 
and unoccupied states, we estimate the centers of mass 
of the (Ni,Co) d states. The weak occupation of the V 
eg states in NVO, absent for CVO, may hint towards the 
different effects of electron localization in the two mate- 
rials. In that respect, and considering the unsatisfactory 
agreement between both LDA and LDA-I-U and exper- 
iment reported elsewhere both above and below Tn,"^'^ 
M3V2O8 would likely benefit from more thorough treat- 
ment of electron correlations, such as that afforded by 
DMFT (although it is acknowledged that such a treat- 
ment for these materials is not trivial). On the other 
hand, we find good agreement between (Ni,Co) L RIXS 
and crystal-field multiplet theory, suggesting the crystal 
field is not as strongly distorted between the cross-tie and 
spine sites as has been previously suggested. Together, 
these measurements put strong constraints on the nature 
of any theoretical treatment of M3V2O8. 
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